The effect of IPPV with and without hyperventilation was studied in five groups of living anaesthetized guineapigs. The respiratory frequency used was in all cases 32 per min and the tidal volume was equal to either 15 per cent of the predicted vital capacity for a period of 15 min or to 75 per cent of the predicted vital capacity for a period of 2 breaths, 5 min, 10 min, or 15 min. Pressure/volume manoeuvres were done on the lungs of each animal at the end of the ventilation period and samples of lung tissue taken for measurement of the stability ratio of expressed lung bubbles. There was a small but non-significant fall in lung compliance and lung stability index following normal ventilation for 15 min. Hyperventilation reduced lung compliance, lung stability index, total lung volume and the bubble stability ratio to a degree which was related to the duration of ventilation. The opening pressure of the lungs and the pressure required to maximally inflate the lungs were increased following hyperventilation.
The value of mechanical ventilation during anaesthesia has been the subject of much argument and controversy since its introduction into routine practice over twenty years ago. Artificial ventilation, by any of the known methods, involves a significant disturbance to normal cardiovascular and respiratory function (Price, Connor and Dripps, 1954) . Lung compliance as measured from pressure/volume relationships has been found to be reduced following intermittent positive pressure ventilation (IPPV) during surgical anaesthesia (Butler and Smith, 1957; Gold, Han and Helrich, 1966; Hedley-Whyte, Laver and Bendixen, 1964; Holaday and Israel, 1955) . Mechanical hyperventilation is associated with a marked reduction in lung compliance (McClenahan and Urtnowski, 1967) .
Pressure/volume relationships depend on the total elastic recoil of the lungs when measurements are made under static conditions. The individual forces which contribute to total elastic recoil include tissue inertia, resistance to deformation, tissue elasticity and surface tension (Radford, 1957) . Inertial and tissue resistance forces can be considered insignificant under static conditions (Mead and Wbittenberger, 1953; Nisell and Dubois, 1954) . Alveolar tissue has inherent elasticity which is force and frequency dependent, but its contribution to total lung elasticity is very small compared to that of surface tension forces (Fukaya et al., 1968) . McClenahan and Urtnowski (1967) have shown that mechanical hyperventilation has little effect on lung tissue elastic properties. The implication then is that the reduction in lung compliance which is seen following IPPV is due to alteration to the surface tension properties of the lungs.
Repeated over-inflation of the lungs has been shown to cause cytoplasmic degeneration of alveolar cells (Schulz, 1959) and reduction in the surface activity of lung homogenate (Greenfield, Ebert and Benson, 1964; Lee et al., 1967) . Impairment of the surfactant producing function of the alveolar type II pneumocyte does not explain the finding that when the surface area of extracted pulmonary surfactant is cyclically over-expanded and overcompressed in a Wilhelmy balance, abnormally high surface tensions result (Tierney and Johnson, 1965) . The stability of bubbles expressed from pieces of fresh lung has been used as an index of pulmonary surface activity (Pattle, 1958; Howatt and Strang, 1965; Edmunds and Huber, 1967; Sekulic et al., 1968; Slavkovic et al, 1968) . Good correlation has been found, in conditions such as the respiratory distress syndrome of neonates where pulmonary surfactant is known to be deficient, between reduced lung compliance, increased surface tension of lung homogenates and the reduced stability of lung bubbles (Pattle et al., 1962) .
The suggestion has been made that mechanical hyperventilation causes a reduction in the amount of effective pulmonary surfactant (McClenahan, 1966) . This paper reports the results of a study of pulmonary surface activity following IPPV with and without hyperventilation in anaesthetized guineapigs.
METHODS
Twenty-one guineapigs (G.U. Physiol./Biochem. strain) were anaesthetized with intraperitoneal pentobarbitone (dose 50 mg/kg). A tracheostomy was performed and the trachea cannulated with a Y-tube. Each animal was assigned to one of five ventilation groups. These were (1) control in which the period of mechanical ventilation was 2 breaths; (2) 5 min mechanical hyperventilation; (3) 10 min mechanical hyperventilation; (4) 15 min mechanical hyperventilation; (5) 15 min mechanical ventilation with a normal minute volume. The animals were ventilated with a positive pressure inflation with air by a Palmer small animal pump at constant 32 respirations per min. The tidal volume used was 75 per cent of the predicted vital capacity for the animals in groups 1-4, and 15 per cent of the predicted vital capacity for the animals in group 5.
At the end of the period of artificial ventilation (in the case of the animals in the control group, this was immediately following cannulation of the trachea) the side arms of the Y-tube were clamped and a sternum-splitting incision quickly made. The anterior chest walls were widely separated and the trachea, lungs, heart and great vessels dissected out en bloc. The lungs were then allowed to deflate slowly and suspended vertically from a clamp stand. The pleural surface of the lungs was bathed frequently with normal saline at 37°C. Pressure/volume manoeuvres were then performed on the lungs, following which samples of lung were obtained for preparation of lung bubbles and subsequent measurement of bubble stability ratios.
Method of performing pressure/volume
manoeuvres. One side arm of the Y-tube was connected to an electromanometer (Mercury Electronics, Scotland) while the other was connected to a calibrated glass syringe. Tracheal pressure as measured by the electromanometer was recorded on a pen recorder.
Successive slow injections of 1 ml of air were made allowing 1 min between each volume increment for equilibration of the static recoil pressure within the lungs. The opening pressure of the lungs was measured during inflation from the collapsed state by slowly injecting 0.1 ml of air until the pressure change diminished with a single volume change.
The maximum inflation volume, i.e. the total volume of air within the lungs at maximum lung volume, was taken as having been reached when the pressure rose steeply for a single volume increment. Deflation was effected by an exactly reversed procedure. Three pressure/volume manoeuvres were performed on each set of lungs from each animal. On completion of the recording of pressure/volume relationships, the lungs were inflated under saline to check for air leaks.
Method of measuring lung compliance.
Lung compliance was measured from the deflation curves of the pressure/volume relationships by computing for each animal the mean ratio of volume to pressure. The deflation curve only was used since changes in the stability of alveoli alter the pattern of lung deflation at all lung volumes whereas during inflation the principal change is in opening pressure. Six sets of values were extracted from each curve at points corresponding to pressures of 5, 10, 15, 20, 25, and 30 cm H 2 O.
Lung stability index.
An index of the stability of the lungs can be obtained from the deflation curve of the pressure/ volume relationship (Gruenwald, 1963) . The human lung index is given by
where V o , V 5 , V 10 are the lung volumes at 0, 5, 10 cm H 2 O pressure and V max is the lung volume when the lungs are maximally inflated. Since the lungs of small animals are characterized by relatively large lung volumes at zero pressure, Gruenwald suggests that the stability index for small animals is given by (2V 5 +V, 0 )/2V mai . Normal values for humans range from 0.8 to 1.4 and for small animals from 0.9 to 1.2.
Bubble stability ratio: method of obtaining lung bubbles. The bubble stability ratio of lung bubbles was calculated by dividing the sum of the squares of the diameters of a group of lung bubbles exactly 20 min after preparation, by the sum of the squares of the initial diameters. Lung samples were obtained after completion of the pressure/volume manoeuvres. These samples were in most cases whole lobes (the upper and lower lobes of both lungs) giving a total of four samples for each animal. The lung samples were inflated with air from a syringe fitted with a No. 1 needle. A small piece of lung tissue was grasped with a pair of forceps. Lung bubbles were squeezed into a drop of aerated water on a glass cover slip. A hanging-drop preparation was made by inverting the cover slip on to a glass slide with a hollow-ground depression. This was immediately viewed under a light microscope and a suitable field chosen containing about 20 bubbles. The light source was an infra-stage tungsten lamp which was only switched on during counting procedures.
The diameters of the selected group of bubbles were measured using an integrating eyepiece micrometer (Leitz, type K, magnification x 8) exactly 1 min after the hanging-drop preparation had been made. Repeat measurements of the diameters of the same group of bubbles in the same order of measuring were made after exactly 20 min. The bubbles were continuously viewed between counting procedures using an angled light source, thus preventing thermal expansion of the bubbles and also ensuring that the same group of bubbles was counted. Eight hangingdrop preparations were obtained from each animal, i.e. two from each area sampled. The groups of bubbles used for bubble stability ratio calculations had in all cases diameters within the range 30-70 /an, as recommended by Sekulic and co-workers (1968).
RESULTS
Typical pressure/volume relationships for the animals in ventilation groups 1-4 are shown in figure 1. There were no apparent differences between the pressure/volume relationships obtained for the animals within any one of the five ventilation groups, or between those obtained for the control group (group 1) and for those animals ventilated for 15 min with a normal minute volume (group 5). In the control group the hysteresis between inflation and deflation curves was of similar magnitude, the opening pressures were similar ranging from 6 to 8 cm H,O, the pressure required to inflate the lungs maximally was of similar magnitude ranging from 25.5 to 30.2 cm H 2 O, and the total volumes of the lungs were similar ranging from 32 to 36 ml.
Following hyperventilation hysteresis decreased progressively with duration of hyperventilation although the magnitude of this decrease was small. The deflation curve was less sigmoid in the hyperventilated groups than in the control group. The opening pressure increased and the total volume of the lungs fell progressively after hyperventilation. The mean opening pressure, the mean pressure at total lung volume and the mean total lung volume are given in table I for the animals in groups 1-4.
Lung compliance.
The values of lung compliance are given in table II for each animal in groups 1-4. The mean control value of lung compliance was 1.7 ml/cm H,O. Increasing periods of hyperventilation were associated with decreasing lung compliance so that after 15 min it was only 30 per cent of the value found in the control group. There were significant differences between all four groups. Student t values and probabilities are shown.
Lung stability index.
The values obtained from each animal in groups 1-4 are given in table III. The mean value in the control group was 0.57. Decreasing lung stability index was found associated with increasing periods Table IV shows the bubble stability ratios as means for each of the areas sampled in each of the groups 1-4. There was no significant difference between the stability ratios of the different areas sampled in any of the four groups. The difference between the overall stability ratios for each of the groups was highly significant, as was the difference between groups for each sampling area. Increasing periods of hyperventilation were associated with decreasing bubble stability ratio. The mean value in the control group was 0.84, after 15 min hyperventilation the mean value was 0.65: this represents a reduction of 23 per cent. Figure 2 shows the effect of hyperventilation on long compliance, bubble stability ratio and lung stability index. The curves shown are drawn through the mean values in each ventilation group.
Effect of normal ventilation.
The values for lung compliance, lung stability index and bubble stability ratio for each animal ventilated for 15 min with a normal minute volume (group 5) are shown in table V. The mean value for lung compliance was 1.67 ml/cm H 2 O for lung stability index was 0.55 and for bubble stability ratio was 0.84. Student t and probability values are given for the differences between the means of this group and the means of the control group.
It can be seen that there is a small but nonsignificant time-dependent fall in lung compliance and lung stability index following 15 min normal ventilation. There was no difference in bubble stability ratio between the two groups.
DISCUSSION
It is evident from the pressure/volume relationships of the control lungs obtained in this study that the guineapig is similar in this respect to other mammals. The values which were obtained for lung compliance are similar to those previously reported by others for guineapig lungs (Agostoni, Thimm and Fenn, 1959; Hild and Bruckner, 1956 ). There are no previously described measurements of the stability index of guineapig lungs. The stability index of rabbit lungs lies within the range 0.92-1.21 (Gruenwald, 1963) . The stability index of the control group in the present study was 0.57. This is in keeping with the consistent finding that lung compliance in the rabbit is higher than in the guineapig. The relatively small range of values of stability index found in the present study indicates that, for the guineapig at least, this may be a more accurate estimate of surface activity than lung compliance. The small but statistically insignificant fall in lung compliance and stability index which was seen after 15 min normal ventilation contrasts with the finding by others (Faridy, Permutt and Riley, 1966 ) that when dog lungs are artificially ventilated for 2 hours with a tidal volume equal to 30 per cent of the maximum lung volume, there is a significant fall in lung volume and lung compliance at all values of transpulmonary pressure. However, since most of the hysteresis, on which mean values of lung compliance depend, of the pressure/volume relationships of the lungs is due to surface tension forces within the lungs (Mead, Whittenberger and Radford, 1957; Bachofen, Hildebrandt and Bachofen, 1970) it is possible that the relatively short period of ventilation used in the present study was insufficient to alter alveolar surface activity. This is also indicated by the lack of any change to bubble stability ratio. However, several reports give conflicting evidence on the effect of IPPV on lung compliance. Emerson, Torres and Lyons (1960) found an increase in lung compliance following IPPV in patients during abdominal surgery. A similar change has been found in dogs (Mead and Collier, 1959) . Anaesthesia itself does not seem to have any consistent effect on lung compliance. In spontaneously breathing anaesthetized patients lung compliance has been found to decrease (Gold and Helrich, 1965; Louzada and Trop, 1970; Wu, Miller and Luhn, 1956) , to remain unaltered (Colgan and Whang, 1968) , or to increase (Nishimura and Metori, 1967) .
Hyperventilation was associated with a reduction of lung compliance and lung stability index, and decreased the total volume of the lungs to a degree which depended on the duration of hyperventilation. It also increased the opening pressure and the pressure required to inflate the lungs maximally. This would indicate that the factors which maintain the normal pressure/volume relationship were progressively altered following hyperventilation. These are generally considered to be of two types; those tissue elastic forces which have been shown to be unaltered by hyperventilation (McClenahan and Urtnowski, 1967) and surface tension forces. One can conclude, therefore, that the surface tension forces within the lungs have altered following hyperventilation in such a way that they maintain higher than normal tensions with the tendency to premature emptying of alveoli.
A recent morphometric study in guineapigs has shown that mechanical hyperventilation is associated with a reduction in the alveolar volume fraction, the total alveolar volume and surface area (Forrest, 1970) but without any alteration to the total volume of alveolar ducts. Since pulmonary surfactant is predominantly effective at the surface of alveoli, this suggests that following mechanical hyperventilation there is a steady degradation of pulmonary surfactant. The finding in the present study that the bubble stability ratio was significantly reduced after hyperventilation, i.e. the bubble size reduced more rapidly implying higher than normal surface tensions, is in keeping with this hypothesis, first proposed by McClenahan (1966) .
The total ventilation used in this study to hyperventilate the guineapigs ranged from 600 to 640 ml/min; this is equivalent to about 36 l./min in a young adult human. The reduction in surface activity which was found after hyperventilation indicates that surface tension forces had increased, thus promoting alveolar atelectasis. This may have been the result of combined mechanical and chemical effects since no attempt was made to control arterial carbon dioxide tensions within normal limits. Hypocarbia could inhibit the surfactant producing function of the type II alveolar pneumocyte either directly or secondary to a rise in pH. This would produce a continuing effect of impaired surface film regeneration following initial film disintegration by over-inflation. Repeated mechanical over-inflation would soon deplete any hypophase within the surface film.
The above mechanism by increasing surface tension forces would promote premature alveolar collapse. It is generally known that alveolar atelectasis, if widespread, reduces lung volume, increases the work of breathing and alters venous admixture. This may be a factor in the production of postoperative hypoxaemia associated with mechanical ventilation during surgical anaesthesia, especially when large tidal volumes are used. L'hyperventilation a entraine une reduction des index de stabilite et de compliance pulmonaires, ainsi que de la capacite pulmonaire totale et du taux de stabilite des bulles, a un degr6 en rapport avec la duree de la ventilation. La pression d'ouverture des poumons et la pression necessaire en vue d'obtenir un maximum de repletion pulmonaire ont ete accrues a la suite de l'hyperventilation. 
RESUMEN
El efecto de la IPPV con y sin hiperventilaci6n fue estudiado en cinco grupos de cobayos vivos anestesiados. La frecuencia respiratoria utilizada en todos los casos fue de 32 por min y el volumen de ventilation pulmonar fue igual al 15 por ciento de la capacidad vital prevista para un periodo de 15 min o a 75 por ciento de la capacidad vital para un periodo de 2 respiraciones, 5 min, 10 min 6 15 min. Fueron practicadas maniobras de presion/volumen sobre los pulmones de cada animal al final del periodo de ventilacibn y fueron tomadas muestras del tejido pulmonar para medicidn de la proporcidn de estabilidad de burbujas pulmonares exprimidas. Hubo una pequena caida no significativa en la complianza pulmonar e indice de estabilidad pulmonar despues de ventilaci6n normal durante 15 min. La hiperventilacion redujo la complianza pulmonar, indice de estabilidad pulmonar, volumen pulmonar total y proporci6n de estabilidad de las burbujas hasta un grado que estaba relacionado con la duration de la ventilacidn. La presion para abrir los pulmones y la presi6n necesaria para una maxima inflation de los pulmones estaban aumentadas despues de hiperventilaci6n.
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A course of practical instruction and tutorials, designed to help trainee anaesthetists, will be held in the Department of Anaesthesia during the week June 26-30, 1972. Numbers will be limited in order to allow those accepted to gain first-hand experience in operating the equipment.
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